Processing tomato grown in Mediterranean region required high irrigation volume throughout growing season. A two-year study was carried out in order to investigate the effects of deficit irrigation (DI) and regulated deficit irrigation (RDI) on processing tomato cultivated under sub-arid conditions. A comparison between the irrigation management linked to common practice adopted by farmer and the irrigation management based on crop evapotranspiration (ETc) demand was also done. The tomato cv. Genius F1 was cultivated under five water regimes: minimal irrigation (I0), as irrigation only at transplanting and during fertilising; DI, to restore 60% ETc; RDI, to restore 60%-80%-60% ETc across the three main tomato phenological stages; full irrigation (FI), to restore 100% ETc; and farmer irrigation (FaI), as irrigation following the subjective farmer method. Compared to FI, under the FaI regime, the seasonal irrigation volume was 31% and 26% higher in the 2009 and 2010, respectively, with not significant yield increase between the two water regimes. Among the irrigation regimes, only the RDI showed similar yield values over the two years, although 2010 was climatically less favourable. For the water use efficiency related to the marketable yield (WUEy), among the irrigation regimes, RDI showed the higher value together with FI. Finally, the Ky was 0.91, which indicates moderate water stress tolerance for processing tomato cultivated in Mediterranean regions. In conclusion, the data obtained in the present study demonstrate that in Southern Italy the irrigation planning followed by the farmer does not follow the principles of sustainable irrigation. Moreover, with the adoption of the RDI strategy, it is possible to save about 27% of water maintaining high WUEy value with an increase of fruit quality. The adoption of this regime could be suggested in processing tomato cultivated under Mediterranean climate saving water in both the vegetative and ripening periods.
Introduction
Italy is one of the major world producers of processing tomato (Solanum lycopersicum L.) and the cultivation of this species is mainly concentrated in the southern regions (Giuliani et al., 2011) . However, the south of Italy is characterised by a semi-arid climate making necessary the use of water in the processing tomato cultivation. In the common practices, the farmers' irrigation-scheduling criteria provide for fixed intervals between irrigation supplies (Rinaldi et al., 2011) , without take into account the actual soil water content. For this reason farmers generally tend to over-irrigate causing harmful loss of water resources and poor water use efficiency (WUE) (Fereres and Soriano, 2007; Savic et al., 2011) . In recent years, agricultural research has shifted its focus from maximising total production to the limiting factors in any production system, which primarily relates to the availability of water. Within this context, deficit irrigation (DI) and regulated deficit irrigation (RDI) has been investigated as a valuable strategy for dry regions where water is the limiting factor for crop cultivation (Fereres and Soriano, 2007; Giuliani et al., 2011) . Investigations conducted on DI and RDI strategies in tomato, especially in controlled environments, have provided contrasting results due to the different cultivars or hybrids used and to the phenological period of application of DI treatments (Zegbe-Domínguez et al., 2003; Kuşçu et al., 2014) . The literature primarily concerns greenhouse grown tomato and less information is available on DI and RDI effects upon open-field grown tomato. Patanè et al. (2011) , in a study conducted upon open-field conditions, reported that the full irrigation [100% evapotranspiration (ETc) restoration] is required to maximise marketable yield in processing tomato cultivated in semi-arid climate conditions; however, the adoption of DI strategies determined a water saving of about 48%, with yield reduction less than proportional to water deficit.
Also, Kuşçu et al. (2014) , in a study conducted under sub-humid climate conditions, reported that the highest marketable yield was obtained under fully irrigated conditions and soil water deficits by nonirrigation in one or in more sensitive stages (especially flowering and yield formation) resulted in severe decreases in yield. However, authors concluded that in regions where water scarcity exists, farmers should adopt water saving strategies to achieve economically sustainable crop production. Marouelli and Silva (2007) and Patanè and Cosentino (2010) reported that the effects of soil water deficit at different crop stages on processing tomato fruit yield and quality are not yet well defined, because these are relatively complex and site-specific, and they are mainly affected by environmental conditions. Therefore, added studies to better define acceptable levels of water stress to apply in relation to different processing tomato hybrids, irrigation methods and growing areas are necessary. The aim of the present study was to evaluate the effects of DI and RDI regimes on yield, quality, yield water use efficiency (WUEy) and the yield response factor (Ky) of processing tomato cultivated under sub-arid condition also in relation to physiological parameters. Moreover, water consumption linked to common practice adopted by farmer with respect to irrigation management based on crop evapotranspiration demand was compared.
Materials and methods

Field trials
The field experiments were carried out during the 2009 and 2010 crop seasons in Southern Italy. The experimental site was located at 30 m above sea level, at latitude 41° 24' 27" N and longitude 15° 45' 34" E. The main physical and chemical soil characteristics of experimental trials are reported in Table 1 . The processing tomato cv. Genius F1 [ISI Sementi s.p.a, Fidenza (PR), Italy], characterised by elongated fruits, was cultivated under five irrigation regimes ( Table 2 ). The minimal irrigation regime (I0), irrigated only at transplanting and during fertigation, was included in both years in order to better fitting the Ky value. The DI was a constant regime, with restoration of 60% of the maximum tomato ETc throughout the crop cycle. The RDI was a variable irrigation regime that provided restoration of 60%, 80% and 60% of the maximum ETc through the following three main phenological stages of the crop cycle, respectively: from plant establishment to flowering of the first truss (PS1); from flowering of the first truss to fruit breaking colours of the first truss (PS2); and from fruit breaking colours of the first truss to harvest (PS3). The full irrigation (FI) provided the restoration of 100% ETc. Finally, the farmer irrigation (FaI) regime followed a method based on the farming routine and the farmer's intuition, whereby the farmer decided on when to irrigate and how much water to apply. The irrigation volumes applied under each irrigation treatment throughout the 2009 and 2010 tomato growing seasons are shown in Table 2 . The experiment was arranged in a randomised complete block design with four replicates; each plot covered a 30-m 2 surface. Transplanting was carried out on 12 May 2009, and on 7 May 2010, in paired rows spaced at 1.8 m. The distance between the paired rows was 0.5 m, and the distance between the plants within the rows was 0.4 m. The final plant density was 2.7 plants m -2 . Each irrigation regime covered three pair rows and all the parameters were measured only in the central pair rows. During the two crop seasons, standard agricultural practices were performed. For each year, the soil was ploughed during the winter to a depth of 0.45 m, and a few days before transplanting, the soil was well harrowed. Basic fertil- I0, minimal irrigation, irrigated only at transplanting and during fertigation; DI, deficit irrigation, irrigated to restore 60% maximum evapotranspiration (ETc); RDI, regulated deficit irrigation, irrigated to restore 60%-80%-60% ETc for the three main phenological stages, respectively; FI, full irrigation, irrigated to restore 100% ETc; FaI, farmer irrigation, irrigated following subjective method based on routine use and intuition; PS0, from transplanting to plant establishment; PS1, from plant establishment to flowering of first truss; PS2, from flowering of first truss to fruit breaking colours of first truss; PS3, from fruit breaking colours of first truss to harvest. 
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Irrigation regimes
For DI, RDI and FI regimes, irrigation was performed every time the sum of daily ETc, excluding the useful rainfall, was equal to 40% of the maximum available soil water content in the 0-60 cm of soil depth, where most of roots are expected to grow (Wang et al., 2015) . The daily ETc was calculated according to a two-step approach (ETc = ET0 × Kc) where ET0 is the reference evapotranspiration according to PenmanMonteith's equation (Jensen et al., 1990; Allen et al., 1998) and Kc is the crop coefficient, as detected in an environment similar to our experimental site (Tarantino and Onofri, 1991) . ET0 was calculated using daily data from meteorological station (Delta-T Devices Ltd., Cambridge, UK) located about 50 m from the experimental field. The seasonal tomato water consumption, under the different irrigation treatments, was calculated using the soil water balance equation (ElHendawy and Schmidhalter, 2010) :
where: ET is seasonal tomato evapotranspiration (mm); I is the irrigation water amount (mm); P is the precipitation (mm); Cr is the capillary rise (mm); R is the amount of runoff (mm); D is the amount of drainage water (mm); and DS is the difference between soil water content values, determined gravimetrically, at planting and at harvesting (mm) in the first 0.6 m depth. In this study Cr was considered to be zero due to the high depth of groundwater. Surface runoff was assumed to be negligible because there have not been intense rainfall events such as to cause run-off. Drainage below the root zone was assumed zero, since water applied with each irrigation plus rainfall amounts were not sufficient to bring the soil moisture level over the field capacity within the root zone during the growing season (Istanbulluoglu et al., 2009; El-Hendawy and Schmidhalter, 2010) . With the exception of I0, in the second year the irrigation volumes were always higher with respect to the first year ( Table 2 ). The highest irrigation volume was used under the FaI regime (680.6 mm and 687.1 mm in 2009 and 2010, respectively), while under the FI regime, the seasonal irrigation volume was 520.7 mm and 544.8 mm in 2009 and 2010, respectively in line with the irrigation volumes that are generally applied in Southern Italy (Rinaldi and Rana, 2004) .
Weather conditions
The temperature, rainfall and ET0 data of the two experimental years 
Physiological, quantitative and qualitative parameters measurements
During the PS2 phenological stage, the canopy and air temperatures and stomatal conductance were measured between 12:00 a.m. and 01:00 p.m. (i.e., at maximum sunlight intensity) at 15 and 21 July in 2009, and at 6 and 13 July in 2010. Crop and air temperatures were recorded using an infrared thermometer with a spectral response of 8 mm to 14 mm (Scheduler Model 2; Delta-T Devices Ltd.), and were used to calculate the canopy temperature depression (CTD), expressed as crop temperature minus air temperature (Bahar et al., 2008) . Stomatal conductance (gs, mol m -2 s -1 ) of the lower side of the leaf (Sobeih et al., 2004) of the first fully expanded leaf (three leaves per replicate, selected at random) was measured using a steady-state diffusion porometer (Model SC-1; Decagon Devices, Inc., Pullman, WA, USA). At harvest, for twenty plants per plot, the marketable tomato yield, fruit mean weight, and soluble solids were evaluated. The marketable yield was measured considering only the red and disease-free fresh fruit. Ripened fruit of the first and second trusses were used for the quality analysis. The tomatoes were washed under running tap water to remove dirt, and dried with absorbent paper. They were then analysed for single fruit weight (g) and soluble solids. The soluble solids (°Brix) were measured with a digital refractometer [model DBR35, XS Instruments; Giorgio Bormac s.r.l., Carpi (MO), Italy].
The yield water use efficiency (kg m -3 ) was calculated from fresh marketable yield and seasonal water consumption according to Lovelli et al. (2007) .
Moreover, for all the irrigation regimes, with the exception of FaI, the Ky was calculated as in Equation (2) (Stewart et al., 1977) :
where: Ya (Mg ha -1 ) is the yield obtained for I0, DI, RDI and FI; Ym (Mg ha -1 ) is the maximum yield obtained for FI regime; ETa (mm) is the actual seasonal crop evapotranspiration for each water regime considered; ETm (mm) is the maximum seasonal crop evapotranspiration measured for FI regime.
Statistical analysis
The Bartlett test confirmed the homogeneity of variance between the years so that a combined statistical analysis was applied. The physiological, productive and qualitative data were analysed using analysis of variance, according to the applied experimental design. When significant effects were detected, mean multiple comparisons were performed according to Tukey's test. The data were analysed using the JMP package, version 8.2 (SAS Institute Inc., Cary, NC, USA). The graphical representations were produced using the SigmaPlot software (Systat Software, Chicago, IL, USA).
Results
Physiological, quantitative and qualitative parameters
In Table 3 the physiological parameters evaluated during the PS2 stage are reported. For both CTD and gs differences were found between the two years and among the irrigation regimes, while not significant differences emerged for the interaction. Between the two years under study, a lower CTD was observed for the 2009 season, while among the irrigation regimes, both the FI and the FaI regimes had the lowest CTD (0.18 and 0.16°C, respectively). Both RDI and DI had a CTD significantly higher from those obtained for FI and FaI regimes.
As for the gs the highest value was observed in the first year. Among the irrigation regimes the FI and FaI regimes had values significantly higher than those of RDI and DI.
The marketable yield is reported in Table 4 . Significant differences were found for the year, the irrigation regimes and their interaction. In particular, for all the irrigation regimes the marketable yield was higher in 2009 than in 2010. In both years the FaI regime gave the highest values, but between FaI and FI there were not significant differences. Among the regimes, the DI showed always the lowest value, while RDI showed value significantly higher than DI only in the 2010; moreover RDI was the only regime showing similar values in the two years.
Relative to WUEy (Table 4 ), significant effects were observed only for the year and irrigation regime factors. The first year was better by 20% in WUEy than the second one; among the irrigation regimes the RDI treatment showed the highest value similar to FI, while the regime linked to the farmer showed the lowest.
For the fruit mean weight significant differences were found for the year, the irrigation regimes and their interaction. Relative to the interaction, in the first year the weight values increased with the irrigation volume increasing from DI to FaI, while in 2010 the higher value was relative to RDI.
Relative to the soluble solids content, in both years the FaI produced fruits with the lower values. In 2009, the RDI regime showed the highest soluble solids, while in 2010, the highest soluble solids value was observed for the DI regime. (2), is reported in Figure 2 . Under our experimental conditions, Ky was slightly lower than 1.0 and equal to 0.91 indicating a productivity behaviour that allows a reduced water supply with low effects on yield. Moreover, a linear regression was found between Ky and the physiological parameters ( Figure 3A and B). Ky was positively related to CTD, and negatively with stomatal conductance.
Discussion
The two years under study differed especially for the maximum temperature trend during the PS2 stage, from flowering of first truss to fruit breaking colours of first truss. In this period, the maximum temperature were always higher in the second year than in the first one causing also a shortening of this phenological stage (39 days in 2009 vs 32 in 2010). Moreover, in the second year almost the fifty percent of the days in PS2 stage were characterised from temperature higher than 32°C that is a threshold temperature related to the flower abortion (Benton Jr, 2007) 
Physiological, quantitative and qualitative parameters
The PS2 stage, is the most important in tomato because the plants set up the number of flowers and so the fruits; but it is also a stage in which the plants are more sensible to the climatic stress (Zegbe et al., 2006; Kuşçu et al., 2014) . During this stage, two physiological parameters, CTD and the leaf gs, both related to the water plant status, have been measured (Table 3 ). The CTD parameter represents the difference between the crop temperature and the air temperature; a high CTD indicates a high canopy temperature, which is an indicator of plant water stress (Idso et al., 1981) . The higher CTD value observed for the 2010 season could be related to the higher temperature trends registered in this stage with respect to 2009. For the irrigation regimes, the lowest values were observed for FaI and FI regimes, and the highest for DI showing that the plants cultivated under this regime probably were not able to transpire sufficient water to cool the leaves below the air temperature, thus causing stress (Bőcs et al., 2009 tent with those of Bőcs et al. (2009) and Nardella et al. (2012) who reported that the stomata of the regularly irrigated tomato plants were opened more widely, because of the high turgor capacity; in contrast, the stressed plants showed the opposite behaviour, to avoid unnecessary water loss. Relative to the marketable yield also the lower value observed in 2010 with respect to 2009 (Table 4) was probably due to the higher temperatures observed during the PS2 phenological stage (Figure 1 ) that could be determined flower abortion influencing the number of fruits. In both years, there were no significant differences between the FI and FaI marketable yields; the yield increases observed from FI to FaI were only 6% in 2009 and 10% in 2010. These data have to be discussed also in relation to the irrigation volume used. In particular, the farmer used 31% and 26% more water than the optimal irrigation regime (FI) in 2009 and 2010, respectively (Table 2) , and thus compares unfavourably with the yield increases observed. These data demonstrate that the farmer tended to over-irrigate the tomato crop, and that most of this extra water used for the FaI regime did not provide any significant increment in the marketable yield. This is of particular interest, because in many areas of the Mediterranean region, such as Southern Italy, the water resources are seriously depleted (García-Tejero et al., 2011) . Across both of these years, the DI and RDI regimes affected the marketable yield, in agreement with the literature (Favati et al., 2009; Kuşçu et al., 2014) . RDI regime produced always more than DI regime. In particular, in the 2009 season the RDI regime showed a marketable yield that was increased by 20% over the DI regime in 2009 and by 51% in the 2010, which was characterised by higher temperature during PS2 stage. The differences observed between DI and RDI for both of the years was due to the higher irrigation volume used during the PS2 stage in the RDI regime, confirming the importance of the irrigation during the sensitive flowering and fruit formation stage, as reported in the literature (Zegbe et al., 2006; Kuşçu et al., 2014) . Moreover, our results highlight how positive effects of RDI with respect to DI are more evident when the climatic conditions are more stressed. Our data are also in agreement with different studies showing that different levels of water deficit can decrease tomato yield to different extents, depending on the period when it occurs and the degree of the water stress that results (Zegbe et al., 2006; Patanè et al., 2011; Chen et al., 2013) .
Finally, it is important to underline that only the RDI has kept constant the marketable yield value over the two years (63.9 and 57.6 Mg ha -1 in 2009 and 2010, respectively) despite 2010 being climatically less favourable. Due to this, compared to the FI, in 2010 the marketable yield reductions in RDI was only 16% (against the 25% of the first year) accompanied by water savings about of 28% (Table 2) .
The good performance of RDI regime was confirmed also by the WUEy. The highest value was observed for RDI regime significantly higher than DI and FaI. These results are in agreement with ZegbeDomίnguez et al. (2003) and Savic et al. (2011) , who reported positive effects of RDI on WUE in processing tomato. However, in tomato the effects of water stress on the WUE have been contrasting. Rinaldi et al. (2011) and Zheng et al. (2013) did not find any significant differences in WUE among the different water regimes that they used. In a twoyear greenhouse grown fresh market tomato study, Nuruddin et al. (2003) reported significantly higher WUE under no water stress treatment with respect to others deficit irrigation treatments in the first year of their experiment, and no significant differences between their no water stress and four mild and moderate water stress treatments in their second year. Conversely, in the most of the literature, increases in the WUE in tomato under water deficit conditions have also been reported (Topcu et al., 2007; Favati et al., 2009; Giuliani et al., 2011; Patanè et al., 2011; Chen et al., 2013) . Finally, in our study the lowest WUEy value was observed for FaI, showing once again that with this regime the farmer used too much water in relation to the marketable yield obtained.
Also for the fruit mean weight in 2010 the RDI showed the highest value. These data show how the restitution of 80% of the ETc losses during the period of flowering of the first truss to fruit breaking colours of the first truss (PS2) might be beneficial for fruit weight under particular seasonal conditions. The lowest fruit weight was always obtained for the DI regime, which is in agreement with Kuşçu et al. (2014) , who reported that low fruit weight is related to soil moisture level; if the soil is dry for a long time, the fruit water content will also be low.
Finally, significant correlations between the marketable yield and the physiological parameters evaluated in the PS2 stage were found. In particular, the marketable yield was negatively correlated with CTD (-0.489) and positively with stomatal conductance (0.49); these results indicate that both of these physiological parameters evaluated in the PS2 phenological stage can give important information about the final yield response.
High soluble solids content is an important quality factor for the tomato industry, because of the lower quantities of energy that are necessary to evaporate off the water from the fruit when producing tomato paste or concentrated tomato juice (Johnstone et al., 2005; Patanè and Cosentino, 2010) . In the first year the FaI produced fruits with soluble solids that were lower than the minimum level allowed by the industry for acceptable fruit (5°Brix) (Marouelli et al., 1991) , while for the other irrigation treatments, the soluble solids were always higher. In 2009, the RDI and DI regimes showed the higher soluble solids, while in 2010, the highest soluble solids value was observed for the DI regime. This different result is probably due to the different climatic conditions that characterised the two years under study as widely reported in the literature (Nuruddin et al., 2003; Zegbe-Domínguez et al., 2003; Favati et al., 2009; Patanè and Cosentino, 2010; Patanè et al., 2011; Kuşçu et al., 2014) . Moreover, in 2010, the lack of significance in the differences of the soluble solids between RDI and FI regime, is in agreement with Hanson et al. (2006) , who did not find any statistical differences between the soluble solids of tomato that were well irrigated and tomato cultivated under water deficit. These data imply that the soluble solids content of tomato depends on the period of water stress rather than the amount of water applied. Moreover, Rodriguez et al. (1994) reported that the soluble solids can be very dynamic, in that they can differ between sites and years.
Article
Relative yield decrease
The yield response factor has been calculated in order to evaluate the sensitivity of the tomato to the evapotranspiration deficit. The Ky connects the relative decrease in yield to the relative evapotranspiration deficit, and its specific value changes according to the crop species and cultivar, the irrigation method, and the crop management (Singh et al., 2010) . A Ky>1.0 identifies sensitivity to water stress and indicates, for a given evapotranspiration deficit, that the expected relative yield decrease is proportionately greater than the relative decrease in evapotranspiration. Conversely, a Ky<1.0 identifies crops tolerant to water stress and indicates exactly the opposite behaviour. Under our experimental conditions, Ky was slightly lower than 1.0 and equal to 0.91 indicating a productivity behaviour that allows a reduced water supply with low effects on yield. This is similar to the Ky reported in our previously studies (Giuliani et al., 2011; Nardella et al., 2012) , and also to that of Patané et al. (2011) , who reported a Ky of 0.76. On the other hand, Doorenbos and Kassam (1979) estimated the Ky for tomato as 1.05, thus classifying their tomato crop as moderately sensitive to water stress. Moreover, in processing tomato field experiments conducted in some Mediterranean areas as Turkey (Kuşçu et al., 2014) and Italy (Perniola et al., 2005; Cantore et al., 2016) a Ky higher than 1.4, indicating high crop sensitivity to water stress, was observed. It appears likely that the different data reported in the literature for Ky in tomato are closely related to the different cultivars and to the different environmental and seasonal conditions, and growth stage when deficit evapotranspiration is imposed (Kaboosi and Kaveh, 2012) .
Finally, linear regression was found between Ky and the physiological parameters ( Figure 3A, B) . Ky was positively related to CTD, which indicates that if the CTD measured in the PS2 stage increases, the final yield response factor will also increase. The contrary applies to stomatal conductance, which was highly and negatively related to Ky. These data show that under our experimental conditions, better physiological behaviour of the plant in PS2, especially through the correct degree of stomata opening, can increase the plant stress tolerance level, and thus influence the final Ky value.
Conclusions
The data obtained in the present study demonstrate that in Southern Italy the irrigation planning followed by the farmer does not follow the principles of sustainable irrigation. Indeed, the farmer tends to overirrigate the tomato crop and a portion of this water is given without significant increment in the marketable fruit yield and with lower quality of fruits. Among the water regimes used, RDI showed constant yield values over the 2009 and 2010, although 2010 was climatically less favourable; conversely, this climatic stress reduced the marketable yield under the full-irrigated regime. These results are of particular interest in Mediterranean environment characterised by a high climatic variability. Our data showed that with the RDI strategy, it is possible to save about 27% of water with high WUEy value and an increase of fruit quality and confirms the possibility of saving water in both the vegetative and ripening periods under this Mediterranean climate. Finally, Ky was 0.91, indicating moderate tomato tolerance to water stress in our climate conditions.
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